The interactions of Mg 2+ and Zn 2+ ions in the activation of non-specific tissue alkaline phosphatase were investigated using crude extracts of rat kidney. Activation of alkaline phosphatase by the metal ions was accompanied by changes in the kinetic parameters of p- 
INTRODUCTION
The roles of metal ions in metalloenzymes include direct participation in catalysis, stabilization of protein structure and regulation of enzymatic activity. Membrane alkaline phosphatase (ALP) is a metal-containing enzyme that serves as a good model for the study of metal ion interactions in enzyme catalysis. Native E. coli ALP contains three metal ion binding sites (two Zn 2+ sites and one Mg 2+ site), and studies on their roles and interrelationships have provided some insights into the mechanism of the enzyme 1 . E. coli ALP is a zinc metalloenzyme, which can be activated by magnesium ion 2 . Removal of the Zn 2+ leads to loss of catalytic activity while its replacement by other divalent cations (Mn
2+
, Co
3+
, Cd
2+
, and Cu
) resulted in lower maximal activity 2 . It has been shown that while low concentrations of Mg 2+ stimulated the refolding of E. coli ALP, high concentration actually inhibited its reconstitution into the active form 3 . This suggests that Mg 2+ mediates stabilization and destabilization of the catalytically active structure of ALP at low and high concentrations respectively 4, 5 . In E. coli ALP, Mg 2+ is thought to have a regulatory effect on the expression of catalytic activity and maintenance of structural integrity of the enzyme 1 Structural and functional aspects of the role of divalent cations have been extensively studied in E. coli ALP. Such studies have been facilitated by the availability of several X-ray structures of E. coli ALP. In contrast, less direct information is available on the structure and mechanism of mammalian ALPs. Owing to the practical importance of assaying tissue ALP activities in applied biochemical studies involving use of animals 7 and the mechanistic interest of the subject, we have been studying the effect of cofactors and inhibitors on the catalytic properties of mammalian ALPs 5, 8 . Kinetic analysis shows that high concentrations of Mg 2+ inhibit tissue non-specific ALP in crude extracts by decreasing V max of pNPP hydrolysis 5 . Here we report a synergistic interaction of Mg 2+ and Zn 2+ ions in the activation of tissue non-specific ALP. The implications for the determination of alkaline phosphatase in crude tissue extracts are discussed.
MATERIALS AND METHODS
Reagents, chemicals, and enzyme source ALP substrate, the sodium salt of pnitrophenylphosphate (pNPP) was obtained from Sigma Chemical Company, St. Louis, US. MgCl 2 and ZnCl 2 were products of British Drug House, UK. All other chemicals used in this study were of high quality research grade. The tissue non-specific ALP used here was obtained from rat kidney. Fresh kidney tissue from Rattus Norvegicus was homogenized in 0.25 M sucrose solution at 4 °C and the crude homogenate was centrifuged at 4000 rpm for 20 minutes at the same temperature. The supernatant was collected and dispensed in Eppendorf tubes and stored frozen. Fresh aliquots were used each day for the experiments described in this report. It is generally believed that to perform a large number of kinetic measurements under constant conditions it is more important to have large stabilized enzyme preparations than small preparations with a higher activity 9 . Thus, we did not attempt further purification since the enzyme is unusually stable even in impure crude preparations 10 . The key experimental results obtained with the crude ALP extract were validated with homogenous calf intestinal ALP obtained from New England Biolabs.
Determination of alkaline phosphatasecatalysed hydrolysis of pNPP
Alkaline phosphatase activity was measured by the rate of hydrolysis of appropriate concentrations of p-nitrophenylphosphate (pNPP) at 25 °C in 0.1 M Na 2 CO 3 /NaHCO 3 buffer, pH 10.1 as previously described 9 . Enzyme activity is expressed as the mmol of pnitrophenol released per minute. Reaction mixtures containing the enzyme source and buffers in the presence of the appropriate metal ions were kept at 25 °C for 10 minutes. In all assays, 100 µl of the crude enzyme preparation equivalent to 0.5 mg total protein were added to catalyse the hydrolysis of pNPP. Reactions were initiated by the addition of the appropriate concentration of the substrate, pNPP. Incubation was allowed for 10 minutes before stopping the reaction by the addition of 0.1 M KOH. The absorbance was read at 400 nm against a blank of the buffered substrate on a Specronic-21 UVVis spectrophotometer and the corresponding activities recorded. All measurements of reaction rate were performed in triplicate. Protein concentration was determined using Biuret method 11 .
RESULTS

Activation of alkaline phosphatase by Mg
2+
and Zn
An analysis of the roles of Zn 2+ and Mg 2+ ions in the activation of ALP was carried out by investigating the kinetics of pNPP hydrolysis in the presence of 0, 2, 4 and 8 mM of the two metal ions separately (Figure 1) . In experiments to determine kinetic constants, activity was monitored by measuring the absorbance change at varying substrate concentrations (0.2-2 mM pNPP) in the presence of varying metal ion concentrations. The effects of Mg 2+ and Zn 2+ on the K m for pNPP and V max values were obtained from Lineweaver-Burk plots (Table 1) . Within the range of substrate concentration examined, the hydrolysis of pNPP by ALP followed saturation kinetics ( Figure 1A) . Kinetic analysis showed that a progressive decline in activation of ALP occurred as Mg 2+ concentration was raised from 2 mM to 8 mM as observed by the progressive decrease in the maximum reaction rate V max . The activation of alkaline phosphatase by Mg concentration from 2 mM to 4 mM resulted in a decrease in the K m for pNPP. However, the K m was higher at 8 mM Mg 2+ concentration. 
The constants were determined from doublereciprocal transformations of the data presented in Figure 1. V max (maximum velocity), K m (Michaelis constant), K A (K m /V max , specificity constant)
The activation of ALP by Zn 2+ followed a pattern similar to that of Mg 2+ in affecting both the V max and the K m ( Figure 1B) . However, the effect of Zn 2+ on the K m for pNPP did not show the biphasic pattern seen with Mg 2+ . There was a consistent decrease in the K m value as the Zn 2+ concentration was increased from 0 to 8 mM (Table 1) .
Pre-incubation of alkaline phosphatase with Mg
2+ and Zn
2+
The results shown in Figure 1 and Table 1 indicate that Mg 2+ ion at higher concentrations inhibit pNPP hydrolysis. This could be due to occupancy of the Zn site that is essential for catalysis by the higher concentration of Mg 2+ . Hence, we sought to investigate this possibility by determining how pre-incubation of the enzyme with Zn 2+ and Mg 2+ ions prior to the addition of the substrate affects catalytic activity. Each metal ion (4 mM) was added to the appropriate amount of the enzyme for different incubation periods (0, 5, 10, 15, 30 and 60 minutes) before adding 1.0 mM pNPP for 10 minutes. Figure 2 shows 2+ however, the activity of ALP increased progressively with time of pre-incubation up to 10 minutes after which a progressive decrease in activity was observed. 
Synergistic interaction of Mg
2+ and Zn 2+ on alkaline phosphatase activity Results presented in Figures 1 and 2 show that both Mg 2+ and Zn 2+ ions are required for ALP activation. Hence, we sought to determine if any synergistic interactions exist between both cofactors in the activation of ALP, and to determine the optimal concentrations of both ions for full activity. . The results of this experiment are shown in Figure 3 and the pattern indicates a synergistic interaction between the two metal ion cofactors. 
DISCUSSION
It has been established that E. coli alkaline phosphatase contains three classes of metal binding sites in which Zn 2+ occupies the catalytic and structural sites, while Mg 2+ ions are bound at the regulatory site 1, 13 . The activation of ALP-catalysed hydrolysis of pNPP observed in this study by the two metal ions is exerted via both V max and K m effects. The decline in activation at 8 mM Mg 2+ observed here is consistent with the observation in our earlier study that high concentration of Mg 2+ inhibits the non-specific ALP from rat liver 5 . It was shown that Mg 2+ acts as an activator within optimal concentrations but became inhibitory at higher concentrations. One possible explanation for this set of results is that excess Mg 2+ ions displaced Zn 2+ from the catalytic site since both metal ions can bind to the same site. 14, 16 . Thus, the synergistic interaction observed between Mg 2+ and Zn 2+ in activating ALP (Figure 3 ) suggest that both metal ions are required in a defined optimal ratio. The scope of this study is not sufficient to ascertain the exact ratio of the two metal ions required for optimal hydrolase activity. Mg 2+ is usually employed as the only cofactor in routine ALP assays in clinical chemistry as well as in toxicological investigations 7, 8, 14 . 
